Relaxation Behavior of Porous Materials in the Surface Reaction Limit
Rapid bulk diffusion implies the absence of a concentration gradient within the solid phase, expressed as:
where r  is the position variable and R is the region inside the oxide. In addition, at high flow conditions, the final pO2 surrounding the oxide, which drives the oxygen concentration to the new equilibrium state is fixed throughout the relaxation process. If, moreover, the surface reaction is first order in oxygen concentration, the oxygen flux (J) at the surface of and inside the oxide is 
The rate of change in concentration over the total volume of the oxide can be obtained by inserting Equation (S2) for the flux into Equation (S3) and then integrating, giving:
where V and A are, respectively, the volume and surface area of the oxide. The solution to Equation (S5) has a simple exponential form. If the total conductance again changes linearly with oxygen concentration, the normalized conductance is then:
where the time constant is now defined by
This result has been presented without derivation by Kim et al. 
log (1/τ) vs. 1/T behavior for ceria under gas-phase limitation
The reduction enthalpy and entropy of ceria were used to complete the correlation in all range of temperature and pO2 vs. δ. The detail is explained in the previous study. 2 From the data set of δ(pO2, T), 3 the value of
in Equation (2) is calculated at the fixed pO2 of 8.2 × 10 -4 atm. The result is depicted in Figure S1 . 
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The surface reaction constant of ceria as measured here is shown in Arrhenius format in Figure   S6 , along with two other results reported in the literature. The single datapoint from Ji et al.
(our earlier work) 6 derives from an ECR measurement at 1400 °C over a range of pO2 values.
The agreement with the present data is good, significant because the measurement is made using a different sample.
In addition to these kChem measurements, Kamiya et al. reported the value of k*, obtained from isotope exchange methods, for temperatures from 800 to 1300 °C. 7 As discussed at some length in the literature, kChem and k* measure different characteristics of a material, and computing one from the other requires knowledge of the thermodynamic factor Somewhat surprisingly, those authors reported that their high purity undoped ceria exhibited extrinsic behavior below about 1000 °C, as manifest in a change in slope in the dependence of log (DChem) vs. 1/T, but with no comparable change in slope in the analogous plot for kChem. It would be reasonable to attribute the change in slope evident in Figure 5 of the present work in to a transition between intrinsic and extrinsic behavior given the comparable levels of impurities in the Kamiya and present samples. However, no attempt has been made here to prove or disprove such a hypothesis. Another possible explanation for the change in slope is impurity segregation to the surface-exposed grain boundaries layer [9] [10] [11] . It has been reported that such segregation can affect gas-solid reactions [12] [13] [14] and may be expected to play a role here as the present conductivity relaxation was performed using polycrystalline ceria with grain size of ~ 10 μm.
Also shown in Figure S6 are a set of three data points from Knoblauch et al. These authors measured the surface reaction constant by mass relaxation methods (in a conventional thermogravimetric analyzer) from 1300 to 1410 °C. 5 They reported that the surface reaction constant decreases with temperature, in sharp contrast to the present results. It is possible that this unusual observation is a result of performing measurements within the thermo-kinetic regime. The normalized gas flow-rate employed by those authors was 93 sccm/g at a pO2 of 7 × 10 -4 atm, and the quoted kChem at 1400 °C 1.69 × 10 -4 cm/s. As implied by Equations (5)- (6) and discussed in detail in our earlier work 6 , in order to ensure one is operating in the materialkinetic regime, the mass-normalized flow rate must obey
For the ~ 1 mm sample thickness and gas exchange occurring only from one side of the sample, the required flow rate is ~ 400 sccm/g, substantially greater than what the authors employed.
Behavior of time constant in a system maximizing the utilization of sweep gas
Support for the conclusion that insufficient interaction between the solid and gas phases results in a relaxation time in the thermo-kinetic regime that is larger than theoretically expected emerges upon examination of the correlation between the oxygen partial pressure detected at the downstream sensor, Figure S4 , and the sample conductance. If the gas (upon entering the chamber) and the solid phases are entirely in equilibrium through the relaxation, and the step change in pO2 is small enough that it induces a proportional change in log ( ) log log log Figure S8 . If, however, the solid does not attain equilibrium with the gas as a consequence of slow surface reaction kinetics, and the gas flow is high enough that the gas composition is unaffected by adsorption or release of oxygen from the solid, then the oxygen partial pressure in the gas phase will immediately attain the final value (equal to the inlet value), whereas the conductance will require finite time to reach the final state. A plot of the normalized logarithmic values of conductance vs. oxygen partial pressure then follows the path (0,0) → (1,0) → (1,1), shown schematically in the dark blue lines of Figure S8 . The intermediate case is that in which the gas-phase oxygen partial pressure is, at any given point in time, closer to its final value than the conductance is. This behavior is represented by the dotted curve in Figure S8 . Such a response can be expected from a gas that does not fully interact with the sample and, as a consequence, does not induce a change in conductance as quickly as the change in gas composition occurs.
Plots of normalized log conductance vs. normalized log pO2 at 1400 °C are presented in Figure S9 for the three porous samples. At low gas flow-rates the porous monolith displays essentially ideal behavior for the gas-limited case, Figure S9(a) . With an increase in gas flow rate, the behavior deviates slightly from the ideal case, Figure S9 (b). The RPC-00 sample, Figure S9 (c), which displays relaxation times furthest from the values implied from the thermodynamic properties of ceria, Figure 9 , has a profile in the normalized log G vs.
normalized log pO2 plots which deviates most significantly from the idealized red line of . The RPC-50 sample, has intermediate behavior both in terms of the measured relaxation times, Figure 9 , and the correlation between G and pO2, Figure S8 One can also consider the gas-solid interaction likelihood from the perspective of the gas diffusion dynamics. The gas-phase diffusion coefficient of O2 at 1400 o C in the O2-Ar mixture employed in this work is approximately 4.5 cm 2 ·s -1 . 16 To provide the gas from the periphery of the reactor sufficient time to traverse the ~ 2.4 mm annular gap, Figure S4 (b) and come in contact with the ~ 10 mm long RPC samples, the gas velocity should be no greater than 9.1 cm·s -1 and hence the flow rate no greater than 76 sccm. The actual gas flow rates utilized in this study, up to 500 sccm, greatly exceeded this value. For measurement of the surface reaction constant, the need to limit the gas velocity to ensure sufficient time for gassolid interaction conflicts with the requirement that the normalized gas flow rate exceed thermodynamic limit. As shown by the PM sample, these competing requirements can be addressed by creating structures that fill the cross-sectional area of gas flow. Overall, the experimental observations are consistent with the interpretation that the relaxation times are prolonged in the RPC samples because of the poor interaction of the gas phase with the reactive solid, and underscore the importance of optimal design of gas flow patterns and porous material architecture for maximizing catalytic response. 
